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INTRODUCTION

APOICTRANSPER 'THROUGH ('lnthirlg systems may ocour due to dif-

fusion {driven by vapor concentration gradients), and  convection
{(driven by air pressure differences). Conveetive heat and mass transfer in
porous media such as texales is often more important than transport due to
diffusion, espeeially if such materials are vsed tn conditions where a large
pressire gradient is present. Tabortory test methods for textiles usually
CORCenirate on one nspott InL‘ch:mi.‘;lll, to the exclusion of the others.
Diffusion test methods are particululy casy o perform, and ofienr become
the primary ranking and evaluation methed for determining the transport
properties of textiles. Such test methods can be very misleading for textiles,
particularly those which have high air permeability, because a very small
pressure gradient can produce Targe convective flows through the porous
structure, far outwelghing any <diffusive ransport that takes place.

The usual procedure 1s to deternine any water vapor diffusion propertices
and the air permeability properties separately. For textiles, water vapor dif-
fusion test methods include the ASTM Test Method for Water Vapor
Transimission of Materials (E 96), and the 18O Test Mcethod for Meastre-
ment of Thermal and Water Vapour Resistance under Steady-State Condi-
tions (15O 11092). Alr permeability properties may be determined by a
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textile test imethod, ASTM D737-75—Standard Test Method for Air Per-
meability of Textile Fabrics. This method, however, is quite limited in that
it 315 more useful for quality-control testing duc to its preseription for test-
ing at asingle pressure differential {124.5 Pa). A more accurate tese method
is ASTM IF778-88-—Standard Methods for Gas Flow Reesistanee of Filtra-
tion Media,

Al the methods mentioned above are time-consuming, require larpe
amounts of material, and are not capable of a very wide range of test con-
ditions. They also require two separate kinds of tests to be run to charac-
terize the potential of a given material to transport water vapor through
its structure: a water vapor diffusion test and an air perieability test. Bt
wauld be very appealing to have a test method available that can deter-
mine the diffusion and convection propertics from the same test, and to
be able to directly compare the results obtained between materials as dif-
ferent as air-impermeable membrane laminates, very air-permeabie knit-
ted fabrics, woven fabrics, and complicated nonwoven and polymeric
foam structures. It would alse be appealing to have this test method able
to measure these properties for the very small quantitics typical of mate-
rial development programs, where the largest sample available may only
be 110 cni® i area.

The method deseribed here, based oo the Dynamic Moisture Perme-
ation Cell (DMPC) |1.2], satisfies the need for a quick, awtomated method
it can test the mass transport properties of very small pivees of woven
and nonwoven Gbrics, membranes, and foams, The Apparatuas s more con-
venient to use than the taditional test methods for textiles and clothing
materials, and allows one 1o use a2 wider variety of test conditions to inves -
tigate the concentratton-dependent and nonlinear transport behavior off
many of the semipermeable membrane laminates which are now available.
Resulis generated with the DMPC have been shown 1o agree with the
standard 1SO - (International Standards Organization) and ASTM {Ameri-
can Society for Testing and Materials) methods for steady-state testing {3].
This paper will review the use of the DMPC to determine the unporiance
of the effects Tisted below.

Combined Convection/Diftfusion

The ability to test under a combined pressure gradient and diffusion g
dient allows one to examine the interaction of convective and diffusive
mass transfer across a porous textile layer. This is particularly important for
clothing systems which have significant air permeability, since most ther-
mal and mass transport laboratory test methods evaluate materials under
pre dillusion conditions.
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Humidity-Dependent Air Permeability

Fabrics which absorh water vapor from the atmosphere {such as cot-
ton or wool, and to a lesser extent, nylen) expericnce fiber swetling
which tends to close off the pores in the fbric and increase the resis-
tnce to convective How through the material, Chanpges in Gibric air
permeability as a function of relative umidity are important for :1pp|.i—
cations involving chemical protective clothing, since these changes will
influence the transport of chemical agents in vapor or acrosol form. Test
results generated with this apparatus show that is casy to find fabrics
which double their resistanee to convective flow due simply to changes
i relative humidity,

Concentration-Dependent Permeability

Materials such as Gore-Tex or Sympatex change their transport proper-
ties based on the amoeunt of water contained in the hydrophilic polymer
layer. The magnitude of the changes inwater vapor dillusion resistance as a
fimction of water content are quite large for several common clothing ma-

terials and systens.

Temperature-Dependent Permeability

Many polymer membranes exhibic much higher diffusion resistance at
low temperatines, which is particularly important for cold weather cloth-
ing systems that incorporate materials such as Gore-'llex, Data obtained
with this device Tor several suembrane Taminates over the temperature
range of —5°C 10 d0°C show tha there are significant diflerences En the
way low temperatures affect the diffusion behavior of conumon laminated
membranes,

Transient Sorption/Desorption

The ability of the DMPC to obtain transient equilibration data uader
step changes of relative humidity is useful for determining thme-dependent
transport behavior, fn these transient situations, temperature changes of as
much as 10°C 1o 20°C can occur, and the variable properties of the mate-
rial become very important, along with factors such as the sorption rate at
which a fiber takes up or releases water vapor to the environment, and the
coupling of the differential equations describing the transport of energy
asted mass throuph the material.
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EXPERIMENTAL METHOD

A schematic of the DMPC test arrangement is shown in Figure 1.

Nitrogen streams consisting of a mixture of dry nitropen and wa-
ter-saturated nitrogen are passed over the top and bottom surfaces of the
smnple. The refative humidity of these streams is varied by contralting the
proportion of the saturated and the dry components. By knowing the tem-
periature and water vapor concentrition of the entering nitrogen flows, and
by mcasuring the temperature, water vapor concentration, and flow rates of
the nitrogen flows leaving the cell, one may measure the fluxes of gas and
water vapor transported through the test sample,

With no pressure difference across the sample, transport of water vapor
proceeds by pure diffusion, driven by vapor concentration differences. 1f a
pressure difference across the sample is present, transport of vapor and gas
inchsdes convective transport, where the gas flow through the sample car-
rics water vapor with it, which may add to or subtract from the diffusive
flux, depending on the direction of the convective gas flow. The use of the
DMPC to determine water vapor diffusion propertics under the condition
of no convective flow will be reviewed first as background to describing
the use of the DMPC for combined conveetion/diflusion testing.

Review of Water Vapor Diffusion Test Method

The uvse of the DMPC for determining water vapor diffusion propertics
will be reviewed first, followed by a description of the diffusion/convection
test methad, The following equations for ealculating water vapar fhex apply
to cither the top or bottom flows in the cell. Strictly speaking, only one
measurenment on one side of the cell is necessary; the use of two separie
humidity tansducers for the top and botton flows allows two mieasure-
ments of water vapor flux to be made at the same time, using the equations
given below {or cither the top or bottom flow, as appropriate. Further de-
tails may be found in References [1-3].

For this type of test, the mass flow rate of water vapor diffusing through
the test ssmple from one side of the cell to the other is given by:

i QBC) _ QG ~C)) (1

o A A

it mass flux of water vopor across the sample (kg/s)
A arca of test sample (%)
Q volumetric flow rate through top or bottom portion of the cell (n/s)

8¢ = (5 — €, water vapor concentration difference between ineoming
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DAMPC rest arrangement.

FIGURE 1. Schematic o:
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stream (C) and outgoing strcam (Cy) in top or bottom portion of the
moisture permeation cell (kg/m?)

The incoming water vapor concentration is determined by the ratio of
the mass flows of the saturated and the dry nitrogen streams. The mass flow
rates are controlled by MKS maodel 1259C mass Tow controllers, with a
Model 2470 4-Chapnel Readout (MKS Instruments, e, These mass
flow contrallers can control mass flow rate at an accuracy of #0.8% of full
scale, with a response time of less than two seconds. At constant mass flow,
the true volumetric flow rate will vary with temperature; the flow rate set
by the MKS controllers is indicated in terms of volumetric flow rates at
standard conditions of 0°C and atmospheric pressure (1.01325 x 105 1),
The acteal volumetric flow rate at different temperatures may be found
from the mass flow rate, the temperature, and the pressure of the actual
flow.

For water vapor diffusion, the critical measurement is the outgoing flow
water vapor concentration (, which can be measured in 2 varicty of ways.
In the work reported here, capacitance-type relative humidity probes
(Vaisala HMI 32 or 38} with Type HMP 35 or 37 sensors were used
(Vaisala Inc.}, which are adequate for materials that have significant vapor
flux across thems. The advantage of these probes is that they have a relatively
fast response tme (5 o 30 scconds: response time slower at higher
humidities), which is useful for transient studies. The probes are listed by
the manufacturer as having an accuracy of %1% from 0 to 90% relative hu-
midity, and £2% from 90 to 100% relative humidity, The measurement ac-
curacy ol these probes nay be improved to £0.5% by determining a
calibration curve i site, 'This is done by placing an impermeable aluminum
foil sample i the cell and varying the relative humidity of the gas flow in
the top and battom of the cell by means of the flow controllers. The result-
ing curves (at increments of 10% r.h.) of measured relative humidity versus
true relative humidity (set by the flow controllers) are used as calibration
factors to correct the measured relative humidity for subsequent tests,
Sorption hysteresis of the hygroscopie polymer used in the capacitanee
probe make any further improvements in probe accuracy diflicult. For test
materials which have sinall vapor fluxes, requiring measurcnients at very
low concentrations, an 1100DP Dew Point Hygrometer (General Eastern
Instruments, Inc.) may be uscd. For the highest accuracy, an M200 Gas
Chromatograph (MTT Analytical Instruments, Inc.), and a diode laser spec-
troscope [4,5], have aiso been used as the concentration measurement de-
vice, but these are much fess convenient in the practical sense of a routine
test.

To obtain the water vapor concentration in the OUtEOINgE air streat, one
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must be able to convert from the known values of relative humidity and
temperature to water vapor concentration. The vapor pressure of saturated
water vapor in air is obtained from an empirical formula (or tables) as a
function of temperature, and then converted to concentration using the
perfect gas law,

We may expiess the water vipor transnission mte i terms of the indi-
cated volumetrie Mlow rate at standard conditions, the hiemidity diflerence,
ane the temperatare:

i ShQ p M, @
A ART
M, molecular weight of water vapor (18,015 kpdmole)
Q¢ volume flow rate at standard conditions of 0°C and atmospheric pres-
sure {in/s)
R universal gas constant (8314.5 N-m/kg-K)
T, reference temperature at standard conditions of 0°C in degrees KK
(273.15 K)
ps saturation vapor pressure of water {Pa)
8f =ty — ¢y, relative humidity difference between incoming stream (4]
and outgoing stream () in top or bottom portion of the moisture per-
meation cell
§ = p/p, relative hamidicy
Pe vapor pressure of water (1%a)

For the present test apparatus, various sample holders are available that
have different test sample measurement arcas and different downstream Jo-
cations {ron the flow inlel. A typicat sample measurement area is 1.0 % (03
m?, and the sample is Jocated cyuaidistant from the inlet and owtlet ports of
the cell. The typical volumetzric flow rate used is 3.33 x 1075 md/s (2000
cm*/min). The dimensions of the DMPC were chosen to assure flow ve-
locitics of at least 0.5 m/s over the sample to minimize the contribution of
boundary air layer resistances to the test measurements. Details of the sam-
ple holder are shown in Figure 2.

The sample sizes are kept guite small to make it possible to cvaluate
novel membranes and laminates, which are often produced in quastities
too small for testing by some of the standard water vapor diffusion test
methods. The small sample arca makes it necessary to test at different loca-
tions across a typical roll of fabric to adequately characterize a given mate-
rial. Sample mounting methods vary according to the material being tested.
Thin materials, such as laminated materials and woven doth, were origi-
nally tested with robber sealing paskets to prevent leakage, but the sealing
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Ditlerentiat Pressura
Measurement Ports

Flow Iniat
or Outlot Upper Hal of Flow Cell
l {ldentienl to Lower Hatf)

Maoasurement Aran (lypleal)- 0.001 m 2
(size and location may vary depending
on sample holder in use)

— Sample Clamping Plale

- Tesl Sample

- Sample Clamplng Plate

Duct Width =0 025 m

Ouct Height = 0.0025 m or 0.005C m
c (two different cells available)

NS F— Duct Length = 0.13 m

Flow Inlet
or Outlet

fffff Lower Hall of Flow Cell

FIGURE 2. Schematic and dimensions of the sample holder for the DMPC.

proved to be unnecessary for most materials; the clamping force provided
by the mounting balts has proven to be sufficient to prevent any leakage.
Thick materials that are highly permeable require special sealing micthods,
such as edge sealing by molten wax, or the use of a curable sealant. The
testing of thicker materials also requires a larger sample area to minimize
factors such as edge efTects.

Diffusion Test Procedure

The actual test is conducted under the control of a personal computer (PC)
connected to the flow controllers, automated valves, and the various measure-
tnent transducers through input and output boards (see Figure 1). Various op-
tions exist within the software for operator input setpoint information, or
preset files containing the setpoint information. The computer applies the
proper setpoint voltage to cach controller to prodice the desired relative hir-
midity in the upper and lower pas streams entering the DMPC, The AZD
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board it the PC reads analog voltage outputs of the relative humidity, [T,
thermocouples, differential pressure transducer, mass flow meters, ctc., re-
cords the data oo disk, calculates parameters of interest, and plots results to the
PC screen. The software applics operator-determined equitibration eriteria to
determine when equilibeatian bas been reachued for that setpoint. Onee equil-
ibration is reached, the resulis (humidity, ealeulated flux, etel) may be culput
to a printer amd o a data file on disk. Fhe compuater then proceeds o the
next scepoint and repeats the process.

The pressure drop across the sample is monitored by means of an MKS
Baratren Type 398 differential pressure transducer, with a “Type 27013 signal
conditioner (MKS Instruments, Inc.). For measurement of pure diffusion, es-
pecially for materials suck as fabrics, which may be quite permeable to con-
vective flows, it is important to make sure that the pressure drop across the
sample is zero, so that transport takes place only by pure diffusion. The pres-
sure drop is continuously monitored and displayed, and is controlied by
means of two automated valves at the outlets of the eell. For the permeable
fabrics, this system also allows one to do testing under controlled conditions
of a defined pressure drop across the sample, so that transport takes place by
both diffusion and convection (which will be deseribed later). This makes it
possible to determine an air permeability value from tie appaeatus, in addi-
tion to the water vapor difTusion propertics of the test sample.

Materials which have a constant mass transfer coeflicient show a fincar
slope on plots of flux versus concentration differcnce across the sample.
These materials do not change their transport propertics as a function of
water content or fest conditions.

Por materials shich do not have a constant slope, the data poines for a st
series will not superimpaose, but will form a set of curves Tor each wst cordi-
tion. From an eviluation of the flux versus concentration difference curve at
various points we can calculate values for the material diffusion resistance,
which will be a function of the concentration of water in the material.

We define a total resistance to mass transfer as the simple addition of an
intrinsic diffusion resistance due to the sample (R) and the diffusion resis-
tansce of the boundary air layers (Ry):

w___AC (3)
A (R +Ry)

AC
i

/1

R =Ry Q)
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H = mass flux of water vapor across the sample (kg/s)
= area of test sample (im?)
AC = log mean concentration difference between top and bottom nitrogen
streams (kg/imY)
Ry = intrinsic diffusion resistance of sample (s/m)
Ry = diflusion resistance of boundary air layers (s/1m)

The fog mean concentration difference across the sample is appropriate
since there is a significant change in the concentration of the gas stream
both below and above the sample. In addition, the gas streams may not nee-
essarily be in parallel unidirectional {cocurrent) flow, but they may be run
m a counter flow o maintain A thore constant concentration gradient
across the sample. The log mean concentration difference is defined as:

= _ AC, -AC,
C = a ) (5)
m(AC,/AC,)

AC, = concentration difference between the two gas streams at one end of
the flow cell (kp/m
AC = concentration difference between the fwo passtreams at the otherend

of the cell (kg/m?

For parallel cocurrent flow, the concentration differences are between
the top and bottom incoming flow at one end of the cell (AC), and the
difference between the top and holtom outgoing flows at tre other end of
the celt (ACY). For countercurrent flow, the concentration differences are
between the tncoming and outgoing flows at one end of the celt (AC), and
the incoming and outgoing flows at the other end of the celf {ACG)

USE OF DMPC FOR CONVECTION/DIFFUSION STUDIES

The DMPC may also be run with a specified pressure drop across the
sample so that transport takes place by both diffusion (driven by concentra-
tion differences) and convection (driven by gas phase pressure differences)
[7]. The simplest experiment to run is shown in Figure 3. Gas enters the
DMPC at a relative humidity of 0,90 (90% r.h.) on the top portion of the
cell, and 0.0 (0% r.h.) on the bottom of the cell. The automated valves are
used to restrict the flow on one or the other sides of the cell which causes
the pressure in one side of the eell 1o be higher than in the other, causing
convective flow across the sample, in addition 1o the diffusion flux taking
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0.90 {90%)
elalive —— -
Lty "
0.0 (%) ot - . 2 v« Hokathve [oildity
rnlilive Mevssured ar it
humidity

FIGURE3. Convection/diltusion experiment in the DMPCexample shows bottom outlet
flow restricted to force convective flow across sample, whiclh apposes diffusive flux ol vapor.,

place due to the concentration gradients.

Moeasurements are taken as a function of pressure drop across the sample,
where the convective flow and pressure drop are gradually increased in
stepwise increments. In addition to the pressure drop, it is uscful to have an
actual measurement of gas flow through the sample. An electronic mass
flow meter (Model 822 Top-"Trak, Sierea Instruments, Inc) connected to
the lower outlet of the ceff as shown in Figure 1 is nsed to record the mass
flow rate of gas through the test material,

Typical mcasurements of water vapor diffusion resistance and mass flow
rate as a function of pressure drop are shown in Figures 4 and 5 for three
materials: (1) a microporous polytetrafluoroethylene (PTFEY membrane,
with low water vapor diffusion resistance, but a high resistance to convec-
tive gas flow (low air permenbility), (2) a kit polyester fabric with a
slightly greacer resistance to water vapor diffusion, but very low air flow re-
sistance (high air permeability), (3) a woven nylon fabric with still higher
water vapor diffusion resistance, and an air flow resistance intermediate be-
tween the other two materials.

Figure 4, which shows flow rate as a function of pressure drop, is directly
related to the air permeability of the material. The greater the slope of the
line for a given material, the greater the air permeability. Figure 4 shows
that the microporous PTFE membrane has a very low air permeability
(high flow resistance), the knit polyester fabric has a high air permeability,
and the woven nylon fabric is intermediate between the other two materi-
als. Calculation of the aiv flow resistance from the data in Figure 4 will be
discussed later.

Figure 5 shows the apparent water vapor diffusion resistance as a fune-
tion of pressure drop. This plot illustrates the interaction of convective and
diffusive transport. The intersection of each material's curve with the AP =

H
H
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0 point on Figure 4 defines the true water vapor diffusion value for that
material, which is illustrated with an expanded seale in Figure 6.

At the condition of § pressure drop, the PTFE membrane has the lowest
diffusion resistance, followed by the kait polyester, with the nylon fabric
having the highese diftusion resistance, This PTEE membrane s previ-
ously been shows (o have diffision resistance of about 6 -8 s/im 2], which
means that the boundary layer resistances in this flow eell (defined by flow
rates and Mlow geomeny) are approximately 115 s/m, Thuos, the true diffu-
sion resistance of cach material is equal to the difference between its total
resistance from Figure 6, and the boundary layer resistance. The resulting
intrinsic diffusion resistances are 6 s/m for the PTER membrane, 96 s/m
for the nyton fabric, aid 36 s/m for the polyester Gbric. These values agree
well with those obtained previously for these materials [8].

However, since these materials differ greatly in their air permeability
properties, the change in apparent diffusion resistance as the pressure drop
increases is quite different for the various materials, The PFFE membrane
has a nearly constant diffusion resistance, due to its low air permeability.
Because of the polyester fabric’s high atr permeability, even at very low
pressure drops (for example at 10 Pa), its apparent diffusion resistance is less
than that of the PTFE membrane.

The ability to conduct testing over a range of pressure drops increases the
accuracy of the water vapor diffusion value. T is clear that slight variations
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FIGURE 6. Use of ditusion/convection data to define trae dillusion resistanee,

Water Vapor Tiansport and Gas Flow Properties 313

in pressure drop across a snuple with high air permeability will greatly in-
fluence the measured water vapor diffusion resistance. Diffusion test meth-
ods which do not control or monitor the convective flow through the
sample are prone to measurement and ranking errors caused by air flow
through the sample.

The chanacteristic curve shawn in Figure 6, which illustrates the interac-
tion between diffusive and convective transport, is more realistic in terms of
the transport processes taking place in clothing systems, where both modes
of transport take place at the same time. Water vapor diffusion properties
alone, which may rank materials such as the PTEE membrane as superior
to more air-permeable materials, can be very misteading when ranking
candidate materials for comfortable or breathable clothing systems,

Calculating Air Flow Resistance

There are many definitions of the permeability or the flow resistance;
most often the permeability is given by Darcy’s Law [9] such that:

_kp Ap
HoAx

i

(0)

v = apparent gas flow velocity (m/s)
kpy = permeability constant (m?)

1 = gas viscosity (17.85 x 1070 kg/m-s for N, at 20°C)
Ap = pressure drop across sample (N/m? ar Pa)
Ax = thickness (i)

For low velocity flows, where the apparent Reynolds number (based on
nominal particle diameter or pore sizes) is muoch less than 10,2 plot of pres-
sure drop versus volumetric flow rate or velocity will give a constant value
for the permenbility constant by, At higher flow rates, where inertial effects
begin to compete with viscous flow eflects, pressure drop-flow rate plots
will begin to deviate from linearity, and inertial effects need to be consid-
ered. Previous work on air penetration throug)s clothing systems has shown
that air pressure differences across textile layers, due to factors such as wind
or body movement, are usually less than 100 Pa [LO-13]. For the testing
presented in this report, flow rates and pressure drops are low enough so
that inertial effects are not readily apparent in the experimental resules,

The DMPC operated in the diffusion/convection mode provides plots
of pressure drop versus either mass flow rate or volumetric flow rate, seen
previously in Figure 4. Volumetric flow rate is the most convenient to use,
so the permeability constant may be found from:
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nOQ Y Ax
b =| B2 ] 2 )
A N Ap
1= gms viscosity (784 % 10 " kg/nes (e Ny at 20°0)
€ = rotal volumetric flow mee (m/g)

A = apparent saniple flow arca (14O > 107 m? (or DMPC snple holder)
Ax = thickness (im)
Ap = pressure drop across saimple (N/m? or Pa)

Although thickeess measurements for textiles seem simple, they are ofien
problematic, and can be a large source of error if they are incorporated into
reported measurements of Darcy permeability. [tis preferble to present the
pressure-drop/flow rate results in terms of an apparent flow resistance de-
fined as:

AAp
H Qmm.'

Rpp = apparent Darcy (low resistanice (m™)

Rp = (®)

The volumetric flow e shown in Figure 4, measured by the electronic
mass How meter, is the equivalent volumetric flow rate at the reference
temperature (Ty) of 0°C (273,15 K), and reference atmospheric pressure
{po} of 1.01325 x 10° Pa. The actual volumetric flow rate at a given tem-
perature wmay be found from the mass flow rate indicated by the clectronic
mass flow meter (o), the ambicat temperatare (1), and the ambient pres-
sure ol the acteal (low (p). The pressure correction is negligible (pm/p, = 1),
so only the temperature correction needs to be made. The correction to
obtain the actual volumetric flow rate (Qy,.) from the indicated mass Now

rate () is:

rarat = QoL /1) oy ! p) =L, 1) (9

Note that the quantity (Ap/Qpe) is cqual to the inverse of the stopes of
the curves shown in Figure 4 (after correcting to the proper temperature as
shown above). Figure 4 may be replotted as shown below in Figure 7.

Thus the air flow resistance can be found from the slope of each curve in
Figure 7, using the known flow area and gas viscosity according to Equa-
tion (8). For the three materials shown in Figure 7, the equivalent air flow
resistance is 2.78 = 107 U for the polyester fabric, 104 % 108 m! for the

1
1
i
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FIGURE 7. Pressure drop across sampie as function of flow rate,

nylon fabric, and 4.25 x 10” m™! for the PTFE microporous membrane,
These values agree with those obtained previously for these materials by
another method [14].

If the material thickness is known, the Darcy permeability {usually re-
ported in units of m?) can be found from the apparent flow resistance as:

Ly, = -2 10
PR, (10)

The convection/difTusion test method is most appropriate for air perme-
able materials, such as porous textiles, membranes, or foams. It can be used
for air-impermeable materials, which is useful to show the relative impor-
tance of convective flow versus diffasive flow. The convection/diffusion
test method s quite convenient for screening lirge number of
samples—particularly developmental materials—since it gives an air per-
meability and a water vapor diffusion value from a single test.

However, for materials such as semipermeable membrane laminates, or
porous textiles that have humidity-dependent air permeability, the single
atr flow resistance and single diffusion resistance number obtained from a
convection/diffusion test can be misleading, and it would be preferable to
perform a separate diffusion test, and a separate air permeability test to sep-
arate out these twao effects. Both of these complicating factors are discussed
in the next two sections,
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USE OF DMPC FOR CONCENTRATION-DEPENDENT
DIFFUSION IN MEMBRANE LAMINATES

Vapor transport across nonporous hygroscopic polymer membranes and
films is ofien highty dependent on the amount of water present in the
polymer. Many connercially available semipermeable nembrane Lani-
nates such as Gore=lex and - Sympatex exhibit  this  concentrm-
tion-dependent behavior w varying degrees. The DMPC, when operated
in the pure vapor diffusion mode (no pressure drop across the sample) is ca-
pable  of showing this concentration-dependent  transport behavior
[1=5,7,8]. For samples which are atr-timpermeable, convection/diffusion
testing does not pravide any extra information, and it is better practice to
conduct pure diffusion testing that evaluates water vapor transport under a
varicty of envirommental conditions corresponding to different levels of
water content in the hygroscopic polymer membrane or membrane lami-
nate. This coneentration-dependent behavior is illusteated below in Figure
8. Two semipermeable membrane laminates (Gore-Tex and Symipatex) are
shown which exhibit concentration-dependent transport behavior. They
may be compared to the microporous PTFE membrane, also shown in Fig-
ure 8, which does not show the same type of concentration dependence,
Further information is available in References [1=5] and [7,8].

If one were to blindly apply the convection/diffusion test method to

— 2000
% . Sympalex Laminats
oy . o] Gore-Tox Laminale
E 1600 } m] PTFE microporous mombrane
@ .
o 1200
c
2
2 .
‘C—) 800 [ * ‘e
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> 400} T .
2 T
w
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FIGURE 8. Concenration-dependent  water vapor transport  behavior  of  two
semipermesble membrane huninates,
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these kinds of materials, one would obtain a diffusion resistance that is only
representative of one mean refative humidity, which would not capture
the true variability of the transpoet behavior of these particular materials,

USE OF DMPC FOIL
HUMIDITY-DEPENDENT AH PERMEABILITY

The convection/diffusion test method results in a single number for the
air flow resistance of a porous material. Porous hygroscopic materials often
exhibit humidity-dependent air permeability doe to the swelling of the
solid matrix as it takes up water vapor from the environment. These effects
are most evident in materials such as tightly-woven fabrics, low porosily
hygroscopic membranes, and nonwoven fiber mats.

For a material sucly as this, the DMPC can be used to condact a more
traditional air flow resistance test as a function of relative humidiey [14,15].
The humidity-dependent air flow resistance curves for a variety of
air-permeable fabrics is shown in Figure 9.

It is possible to account for the nonlinearity of the convection/diffusion
test due to this humidity dependence, as detailed in Reference [16],but it is
nsually simpler to perform this separate air flow resistance fest 1o produce
plots similar to that shown in Figure 9.
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FIGURE 9. Fhumidity-dependent air llow resistance of seven fahrics [ 14,15].
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USE OF DMPC FOIRTEMPERATURE-DEPENDENT
DIFFUSION IN MEMDBRANE LAMINATES

Osczevski [ 17] has shown that water vapor diffusion in hydrophilic films
and membranes can be affected by the ambient temperatine. The water va-
por diffusion resistance increases at lower tenrperstures, which lowers the
rate at which water vapor is transported acrass the layer, This effeet could
be inportant for the ability of cokd weather clothing to dissipate water va-
por during active wear, or for the ability of boots, gloves, and sleeping bags
to dry out under cold conditions.

It is difficult to evaluate this effect with other common textile test meth-
ods. The DMPC s ideally suited for this type of study, duc to its complete
control over the humidity on the two sides of the test sample, and the ability
to control the temperature of the test system. The humidification system
based on the water bubblers is adequate for temperatures from 0°C (ice/wa-
ter mixture) to 40°C., For subzero temperatures, the bubblers must be re-
placed by flow tubes filled with ice chips. A flow path long enough for the
gas to become saturated with respect to the vapor pressure of water vapor
over ice at the particular test temperature is necessary for the subzere tests.

An example of the wemperature-dependent water vapor diffusion hehay-
tor of Tour membrane-based materials is shown in Figure 11, Resulis are
shown for the mean relative humidity condition of 0.40 (40%) {average of
0.80 on one side and 0.0 on the other),
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FIGURE 10, Change inwater vapor difitston resistanee of o hydrophitic membrane, redenwn
from Osevevski | 171
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FIGURE 11. Temperatnie dependence of water vapor diffusion resistanee for four ment
brane-type materials (two hygroscopic, two nomhygroscopicy,

Results for other mean relative humidity conditions shosed e the
temperature effects on the measured diffusion resistance are much greater
when the hydrophilic polymer contained less sorbed water. At the higher
mean relative humidity test conditions, the properties varied less with tem-
perature.

The methed used by Osczevski was 2 modified cup method, and could not
independently control the humidity on the two sides of the sample [17], 50 the
temperature-dependent results also varied in the mean relative humidity o
which the sample was exposed. The DMPCY complete control over tempera-
ture, humidity, and flow rates allows the temperature-dependent effects to be
separated from these concentration-dependent effects. T effect, the DMPC al-
lows the experimenter to explore the temperature dependence of the diffusion
behavior at different points on the isotherm of the hydrophilic polymer com-
ponent of a polymer fitm or membrane laminate [18,19].

USE OF DMPC FOR TRANSIENT DIFFUSION STUDIES

The automated DMPC apparatus can be used to conduct testing of ma-
terfals under non-steady-state conditions, such as a change in relative -
midity, temperature, or pressure difference across the sample, In these
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transient situations, the variable properties of the material become very im-
portant, along with factors such as the sorption rate at which a fiber takes
up or releases water vapor to the atmosphere.

A group of porous textile materials that have a range of propertics are se-
lected to illustrate the use of the DMPC for characterizing transient diffu-
slon propertics. Parther information on these fabrics, and the results, Ny
be found in Reference |4,

We first itlustrate the use of the DMPC o obtain transient results for
fabrics subjected Lo step changes in refative humidity. In these experiments,
thermocouples are sandwiched between two layers of fabrie, to record
temperature changes as the fabric absorbs or desorbs water vapor from the
gas stremm flowing on the two sides of the DMPC. Three thermocouples
are used as shown in Figure 12, Thermocouple diameter was 1.27 x 107 m
{0.005 i}, with a response time listed by the manufacturer as 0.04 5 in wa-
ter and 1 s in still air. Smaller thermocouples with a diameter of 2.54 % 105
m (0.00F in) were used initially, but proved to be quite fragile and casily
damaged. The temperature changes recorded with both sizes of thermo-
couple were identical, so that errors due to conduction and the heat capac-
ity of the thermocouple wire are minimal.

Nine setpoints were used to examine time-dependent diffusion in these

Canstant Temperatura Mitrogen Flow Thesmocouples lo
with Step Charge in Relative Humidity Data Acquisition

Twn
tnyors
of Fabrle

; o w ]
\ I\ \\]
Upstream Center Downstream

Thermocouple  Thermecouple  Thermocouple

FIGURFE 12, Tostrasmented st Sbic in DMPCon recond temperatme changes of hypro -
scopic fabrics,
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hygroscopic porous textile layers, as given in Table 1. In this serics of
setpoints, the pressure drop across the sample is sct to zero, so that there is
no convective flow across the sample, and transport takes place only by
diffusion driven by concentration differences.

The first three setpoints are used to look at the situation when a com-
pletely dry fabric, equilibrated at 0% relative humidity, is stddenly exposed
to a refative humidity of 100% on the two sides of the fabric facing the pas
flows on the top and bottom of the DMPC. For hygroscopic fabrics, the
textile fibers will absorb water vapor from the gas flow, and release the heat
of sorption, which results in a rise in temperature of the fabric, as recorded
by the three thermocouples. When the relative humidity is suddenly
changed back to 0%, the water is desorbed from the textile fibers, and the
temperature drops, due to the change of phase of the water as it leaves its
sorbed state in the textile fiber and vaporizes. The rate at which the tem-
perature rises and falls is related to the mass transport and thermal transport
propertics of the textile material, and the gas flows, and serves as a conve-
nient experimental verification of numerical predictions of transient be-
havior [8].

The next six setpoints are a sequence of humidity gradients across the
sample, where there is a net flux of water vapor from one side of the cell to
aother, Seipoint #4, where the relative humidity s suddenly changed
from 0% to 60%, provides another set of experimental results that are par-
ticularly convenient for verifying numerical predictions because both teni-
perature measurements and the measurement of relative humidity of the
gas flow as a function of time are available.

An example of the full seqoence of nine seipoints, for the cotton fabric,
shown as a function of time, is given in Figure 13, For clarity, only one
thermocouple record is shown in Figure 13,

Table 1. Nine setpoinis for tronsient diffusion fests.

Relative Humidily for Top Relative Humidity for

Selpoint Gaos Flow Bottom Gas Flow
1 0.0 0.0
2 1.0 1.0
3 0.0 0.0
4 0.6 0.0
5 c.8 0.0
6 1.0 0.0
7 1.0 02
8 1.0 0.4
9 1.0 0.6
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FIGURE 13. Temperature changes of two layers of cotton fabric subjected to step changes in
relative humidity, at a constant gas flow temperature of 20°C.

The large temperature changes due to sorption/desorption are particu-
larly evident for setpoints #2 and #3.

The shape of these transient temperature curves are a complex function
of the velocity of the gas flows on the two sides of the fabric samples,
which influences the external heat and mass transfer coefficients and the
thermal and mass transport propertics of the textile fayers. An example of
the temperature transients for all seven test fabrics, for setpoint #2 (step
change for 0.0 to 1.0 relative humidiey), is shown in Figure 14, Here only
the first four minutes are shown, to make it easier to distingurish the re-
sponse of the ditferent materials showa. The peak temperatures for cach of
the materials is also shown on the plot.

Figure 14 can be misleading, in that it shows a single well-defined exper-
imental temperature transient for each material. Since there are concentra-
tion and temperature gradients down the length of the test sample, due to
the influence of the developing thermal and concentration boundary lay-
ers, the temperatures of  the upstream,  center, and  downstream
thermocouples {refer to Figure 12) are slightly differcnt, as shown in Figure
15.

Experimental results such as these can be compared with the results of a
numerical cade that solves the partial differential equations describing the
coupled diffusion of heat and mass through hygroscopic porous textiles
[20,21]. An cxample of the comparison of the experimental and the nu-
merical results is shown in Figure 16,

Another teansient measurement that is useful for verifying nunerical
predictions of transient diffusion behavior is the experimental measure-
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FIGURE 15. Temperature changes for the three thermocouples, for the cotton fabric, due to
water vapor sorplion during step changes in relative Bavmidity fron: 0.0 to 1.0,
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FIGURE 16. Camparison of numerical predictions to experinental resulis of centerline
tempetature of wool, cotton, and silk fabries subjected to step changes in relative humidity | 20].

ment of the water vapor concentration change on one side of the fabric as
the relative humidity on the other side of the fabric is changed. Setpoint
Ha is uselul Tor this purpose, since there is a step change frons 0% relative
bumidity on hoth sides of the sample, 1o 60% relative humidity on one
side. Following this step change in relative humidity, the rate of change of
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the measured relative humidity on the “dry side” of the cell js greatly af-
fected by the sorption kinetics of a hygroscopic material. Figure 17 shows
the change in relative humidity on the bottom side of the DMPC when
the humidity on the 1op side is suddenly changed to 0.6, Figtire 17 has had
the relative humidity normalized by the final equilibrium relative humidity
for setpoint #£4, Also shown in this plot is the value for two layers of the
PEEE membirane, which is completely nonhyproscapic; it serves to indi-
cate the response time of the relative humidity sensors to a step change.

CONCLUSIONS

The dynamic moisture permeation cell permits rapid testing of small
quantities of permeable fabrics and semipermeable laminates under a wide
variety of test conditions, which allows determination of a material’s trans-
port behavior under test conditions that are difficult or impossible to reach
using existing standard laboratory test methods.

Water vapor permeation results obtained with the DMPC are in excel-
lent agreement with those form the 1SO 11092 sweating guarded hot plate
test method, and fron a modified inverted ASTM £ 06 cup test 3.

The DMPC s particulnly useful for characterizing tansient diffusion of
hygroscopic fabrics subjected o step changes in welative humidity, I pro-
vides excellent control over tetnperatures, pressures, and vapor concentra-
tions, which is necessary for accurately determining the time-dependent,
concentration-dependent, temperature~dependent, and nonlinear transport
propertics of clothing materials.

When aperated as an autemated air permenability apparatus, the DMDPC
provides experimental data on convective gas tlow transport propertics;
e.g., Darcy permeability or Darcy flow resistance. It provides a means of ex-
ploring and characterizing the way in which fabric structural changes,
caused by fiber swelling at high humiditics, can drastically change the air
permeability of fabrics incorporated into clothing systems.

The DMPC also provides a controlled means of testing porous fabrics
under conditions of combined diffusion and convective transport. This
testing is useful for determining the gas flow resistance property {air per-
meability) and water vapor diffusion resistance property (water vapor trans-
mission rate), from a single experimental run. This climinates the need for
two separate tests, which is the usual procedure.

The convection/diffusion test method is ideal for rapid screening and
comparison of the properties of a large number of materials. Because the
required test sample size is much less than that required Tor mast other
standard types of ane permeabitity and water vapor diffision test metiods,
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the convection/diffision test method is particularly well-suited for mate-
rial - development efforts aimed  at developing  porous woven  and
ponwoven textiles, coating processes for porous substrates, polymeric
foams, microporous polymer membranes and lnminates, and  novel
clectraspun nonwoven fiber niats |22-24],
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